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Thermal stratiﬁcation phenomenonwith the same thermodynamic steamgenerator (SG) injection nozzle
parameters was simulated. After 41 experiments, the experimental section was dismantled; cut and
specimens were made of its material. Other specimens were made of the preserved pipe material. By
comparing their fatigue tests results, the pipe material damage was evaluated. The water temperature
layers and also the outside pipe wall temperatures were measured at the same level. Strains outside the
pipe in 7 positions were measured. The experimental section develops thermal stratiﬁed ﬂows, stresses
and strains caused enlargement of material grain size and reduction in fatigue life.
© 2010 Elsevier B.V. Open access under the Elsevier OA license.
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. Introduction
Thermal stratiﬁcation is a thermo-hydraulic phenomenon
resent in horizontal pipes where there are cold and hot ﬂows
t the same time. The difference of temperature between ﬂuid
ows must be signiﬁcant and their velocity must be low in order
After that event, a bulletin recommending evaluations and correc-
tive actions at the NPP pipelines subjected to thermal stratiﬁcation
(NRC Bulletin, 1988) was published in the USA by the Nuclear Reg-
ulatory Commission (NRC). At that time, it was discovered that the
cracks were caused by thermal fatigue loads related to stratiﬁed
ﬂow present in those pipelines. That problem may have happenedo characterize the phenomenon. The ﬁrst problem due to ther-
al stratiﬁcation in a Nuclear Power Plant (NPP) component was
otiﬁed in the end of the 80s. The problem was a leakage due to
hroughwall cracks in somepipelines at theAmericanNPP Farley 2.
∗ Corresponding author. Tel.: +55 31 3069 3283; fax: +55 31 3069 3285.
E-mail addresses: silvall@cdtn.br (L.L. da Silva), tanius@cdtn.br (T.R. Mansur),
imini@demec.ufmg.br (C.A. Cimini Junior).
029-5493/© 2010 Elsevier B.V.  Open access under the Elsevier OA license.
oi:10.1016/j.nucengdes.2010.12.003because the NPP designed up to the 80s did not consider the non-
linear effects of the loads imposed to the pipelines due to thermal
stratiﬁcation.
Thermal stratiﬁcation is a frequent phenomenon in NPP, in
conventional thermal plants and also in many other industrial
processes where liquid or gases are refrigerating ﬂuids. The refrig-
erating ﬂuids could be at the same state or in different ones.
According to Liu and Cranford (1991), during the thermal strati-
ﬁcation phenomenon, there is an abrupt local change in the ﬂuid
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emperature and it is harmful to the pipe’smaterial. Thiswork aims
t analyzing the stratiﬁcation of the two water ﬂows, as refrigerat-
ng ﬂuid, and its effects in the experimental section pipe material.
Theobjectivehere is to study the fatiguedamagedue to the ther-
al stratiﬁcation phenomenon in the material of an experimental
ection that simulates the SG injection nozzle of a Pressurized
ater Reactor (PWR) NPP. In order to study the effects of ther-
al stratiﬁcation in the pipe material, 41 thermal stratiﬁcation
xperiments were carried out. After that, the experimental section
as dismantled from the experimental circuit, cut and specimens
ere made from its material. Others specimens were made from
virgin portion of the same experimental section pipe. Both sets
f specimens were submitted to up-and-down fatigue tests and
heir fatigue limitswere determined (Colins, 1993).Metallographic
Fig. 2. Strain gages positions in experimenerence of the cross-section temperature.
studies were performed in order to realize what happened in the
microstructure of the material.
2. Thermal stratiﬁcation phenomenon
When the thermal stratiﬁcation phenomenon is present in a
pipe, its upper hot region tends to expand and at the same time
its lower cold region tries to constrain this expansion, causing lon-
gitudinal loads in the pipe. Those loads are responsible for bending
the pipe as shown in Fig. 1 (banana effect). At the same time, in the
pipe wall near the ﬂuids edge, the lower part of the cross-section
stays in tension and the upper part becomes contracted, causing
circumferential stresses that may deform the pipe cross-section. A
signiﬁcant phenomenon of local oscillation in temperature, which
tal section, front and back view (m).
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s known as thermal striping, is present during the thermal strat-
ﬁcation in the ﬂuids interface. This phenomenon is characterized
y an oscillating frequency and also by the amplitude associated to
t. Thermal striping may cause high cycle thermal fatigue and ﬂaws
ay appear in the pipe internal surface.
Operational characteristics of a PWRreactor could favor thermal
tratiﬁcation phenomenon occurrence during start up, shutdown
Fig. 4. Experimental section skets of measuring positions I, II and III.
and power variations of the NPP. Some NPP circuits, where there
is the possibility of thermal stratiﬁcation occurrence, are the hot
and cold legs, the pressurizer surge line, the emergency cooling
lines, the residual heat removal lines, the injection nozzle of the SG
and the pressurizer spray lines. Among them, the hot and cold legs,
the pressurizer surge line and the SG injection nozzle have a great
probability to suffer thermal stratiﬁcation (Jo et al., 2001). The ther-
ch and its accessories (m).
L.L. da Silva et al. / Nuclear Engineering and Design 241 (2011) 672–680 675
Fig. 5. Pipe wall temperature gradient in positions I, II and III.
Fig. 6. Maximum strains and stresses in rosette N for experiment 18.
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shown in Fig. 2. The measuring positions I, II, III, A, B, C and D are
shown in Fig. 4.
The thermal striping frequency, with the same thermo-
hydraulic parameters, was measured in a similar experimental
section and it was found to be 0.25Hz (Rezende et al., 2006). Ther-
Table 1
Thermocouples and rosettes distribution in experimental section.
Position Thermocouples (number) Rosettes
Inside Outside
I 9 11 2
II 10 12 2
III 6 8 4Fig. 7. Thermo hydraulic parameters
al stratiﬁcation may be present in pipelines with stagnant ﬂuid
r in pipelines with closed valves where there is cold ﬂuid in one
ide and hot ﬂuid in the other side of the valve closing mechanism
Hytönen, 1998). In such points, a small amount of ﬂuid leaks with
owvelocities fromone pipeline side to the other, inducing thermal
tratiﬁcation.
. The experimental
The experimental section is an “L” shaped pipemade of stainless
teel AISI 304L, with external diameter of 0.1413m, wall thickness
f 0.0095m and 2.0m in length as shown in the front view of Fig. 2.
hermocouples were brazed externally at measuring positions I, II
nd III, as illustrated in Fig. 3. Thermocouples levels in positions I,
I and III are shown in Fig. 3(a), (b) and (c), respectively (da Silva,
009). Strainsweremeasured in positions I, II, III, B, C, D and E in the
xperimental sectionwith rectangular rosettes strain gagesbonded
xternally. Strain gauges positions for the experimental section are
hown in front and back view of Fig. 2. Fig. 4 shows the sites of the
easuring positions I, II, III, B, C, D and E and the pressure vessel
hat simulates the steam generator. Table 1 shows the amount of
hermocouples and rosettes in the experimental section.
The experimental section is not a SG injection nozzle scaled
odel, but the same range of SG injection nozzle Froude number
as reached. The range of Froude number in a SG injection nozzle is
rom0.02 to0.2. Theexperiments in thisworkwere carriedoutwithwater during thermal stratiﬁcation.
Froude numbers around 0.05. Due to laboratory limitations, the
experiments were carried out in a maximum pressure of 2.3MPa,
which is lower than the SG injection nozzle pressure of 6.4MPa.
Pressure limitations reduced the maximum working temperature
of the water to 490K against 553K at the SG.
Strains were measured in seven positions in the experimental
section with rectangular rosettes strain gages bonded externally.
Strain gauges positions for the experimental section front view areA 2
B 3
C 1
D 3
E 4
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Fig. 8. Temperatures along the internal diameter in positions I, II and III.
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ing, originated from temperature ﬂuctuations in the cold and hot
ﬂuids interface in a stratiﬁed ﬂow. Thermal cycles imposed to the
pipe wall material can be the reason for the appearance of cracks
in such area.Fig. 9. Virgin and experimenta
al stratiﬁcationwith Froude numbers in the range of 0.02–0.2 has
aximum frequency of 1Hz and amplitude of 5mm. Close to the
ipe wall and at the half diameter, the amplitudes could reach their
aximum values (Merola, 1995).
. Thermal fatigue
Thermal fatigue is a damage process of the structural compo-
ents produced by cyclic thermal loads. Under cyclic thermal loads,
component can suffer unacceptable geometric deformations and
hanges in its material properties. Cracks may appear in the com-
onent as a consequence of constraint and cyclic thermal loads.
estriction of a component expansion may be related to both inter-
al and external factors. External restrictions induce alternated
oads in the component when it is heated and cooled down. The
nternal restrictions can be originated from temperature gradient,
aterial anisotropy and from different expansion coefﬁcients of
hematerial grains of adjacent phases. A possible deﬁnition of ther-
al fatigue can be: “thermal fatigue is a gradual degradation and
ventual break of a material by alternated heating and cooling pro-
esses with partial or total constraint of the thermal expansion”on material up-and-down test.
(Ensel et al., 1995). Thermal fatigue can be related to thermal strip-Fig. 10. Comparison of the results.
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Fig. 11. Specimens positions in the cross-section pipe.
Fig. 12. Metallographic study of specimens 3V, 8E, 9E and 10E.
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. Results and discussion
.1. Thermal stratiﬁcation
The thermal stratiﬁcation experimental results allowed to
etermine the temperatures distributions in the pipe wall and in
he ﬂuid, the loads and deformations in the experimental section
ipe. The temperature distribution in the ﬂuid was directly related
ith the temperatures in the pipe wall and with its deformation
nd, consequently, with the loads and stresses.
The external experimental temperatures in positions I, II and III
or the experiment 18 can be seen in Fig. 5(a), (b) and (c), respec-
ively. Experiment 18 was carried out on 4th July 2008. As it is
hown, the pipe wall was under a gradient of temperature during
he cold water injection.
Maximum strains measured at the strain gage rosette N for the
hermal stratiﬁcation experiment 18 are shown in Fig. 6(a) and the
aximum stresses caused by them are shown in Fig. 6(b).
Fig. 7 depicts the experimental results of the thermo hydraulic
arameters for the experiment 18. Fig. 7(a) shows the ﬂow curve;
ig. 7(b), the Froude number; Fig. 7(c), the ﬂuid velocity; Fig. 7(d),
he changes in pressure. The Froude number varies from about
.025 to around 0.061 since the beginning until the end of the
xperiment. Variations in ﬂuid velocity and ﬂow are more signiﬁ-
ant in the end of the experiment. Such variations may have been
aused by changes in pressure during the cold water injection, as
hown in Fig. 7(d). Fig. 8 shows the experimental thermal stratiﬁca-
ion results of experiment 36 along the inside pipe cross-section ines of rosettes D, G, R and S.
positions I, II and III. Experiment 36 was carried out on 1st October
2008. Fig. 8(a) shows the stratiﬁcation in position I, which ranges
from around 50 ◦C (323K) to 215 ◦C (488K) at about 0.02m. In
position II, with the same change in temperature, the stratiﬁca-
tion happens at about 0.04m as shown in Fig. 8(b). In position III,
temperature increases continuously as Fig. 8(c) shows.
5.2. Fatigue tests
After the 41 thermal stratiﬁcation experiments, specimens from
the experimental section pipe material and from a preserved por-
tion of this pipe were made and subjected to fatigue tests. The
up-and-down method was used to determine the mean fatigue
limits and the 95% conﬁdence limit of both sets of specimens.
Fig. 9(a) shows the virgin material up-and-down fatigue tests
results and Fig. 9(b), the results for the section material (da Silva
et al., 2009). Run-out was reached at 2 million fatigue cycles. A
comparison between these results is shown in Fig. 10 and a reduc-
tion in the fatigue limit of the experimental section material can be
noticed. The reduction in the section material for the mean fatigue
limit, in comparison with the virgin material, is 6.9%. The lower
fatigue limit reduced10.8%and theupper2.9% (da Silva et al., 2009).5.3. Metallographic analysis
Before cutting specimens in the pipe wall experimental sec-
tion, the slice cut from it was mapped and numbered in order to
know where each specimen came from. Fig. 11 depicts how the
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xperimental pipe cross-section slice was mapped. In Fig. 11, the
emperature difference of the cross-section regions and the num-
er of fatigue cycles of each specimen can be seen. It is also shown
n Fig. 11, the specimens that had an increase in grain size, when
ompared with the grain size of the virgin material (da Silva, 2009).
Fig. 12 shows the metallographic study of the specimens 3V, 8E,
Eand10E. Thespecimen3Vwas taken fromthevirginmaterial and
he specimens 8E, 9E and 10E were taken from the experimental
ection. Comparing the grain size, it is noticed that the specimen 8E
idnot showsigniﬁcant alteration,while specimens9Eand10Ehad
heir grain size increased (da Silva, 2009). The comparisons were
one considering the specimen 3V grain size as a standard. Fig. 11
hows that most specimens below the horizontal center line, 9 out
f 14, had an increase in the grain size. In addition, 8 specimens out
f 11, that had the grain size increased, failed in the fatigue test.
.4. Load evaluation
The loads imposed to the experimental section were evalu-
ted using the maximum shearing stress criteria. The experimental
ection pipe material had ductile properties, what makes the max-
mum shearing stress criteria appropriate to the evaluation (Boresi
nd Sidebottom, 1985).
The shearing stress of the material experimental section was
etermined experimentally and it was found to be 350MPa
da Silva, 2009). It can be noticed from the experimental data
hat some thermal stratiﬁcation experiments imposed loads on
he experimental section above the determined shearing stress
alue. Very few rosettes showed maximum shearing stress
qual to the material shearing stress and the major amount of
he experimental maximum shearing stresses was under this
alue.
Fig. 13(a–d) shows the maximum shearing stresses for rosettes
, G, R and S, respectively. Rosette D registered 18 loads above the
aterial shearing stress; rosette G, 8; rosette R, 7; rosette S, none.
osette G registered one load equal to the material shearing stress.
mong the loads registered by rosette G, the greatest of them is in
ompression.
. Conclusions
An experimental study proposition to correlate the effects of
he thermal fatigue due to thermal stratiﬁcation and the damages
aused to pipelines was presented in this work. Thermal stratiﬁca-
ion transientswith the same injectionnozzle Froudenumber range
ere simulated in a designed experimental section. The thermal
tratiﬁcation is nonlinear in the pipe cross-section. Results of up-
nd-down fatigue tests carried out in specimens made of the virgin
aterial and in the specimens made of the experimental section
aterial conﬁrmed that the thermal stratiﬁcation phenomenon
educes the material fatigue limit. The mean fatigue limit reduced
.9%, the lower reduced 10.8% and the upper reduced 2.9%, in com-
arison with the virgin material. Material fatigue life reduction canand Design 241 (2011) 672–680
be associated with an increase in the material grain size and with
the gradient of temperature the material was subjected. Enlarge-
ment in the material grain size can be related to the difference
of temperature and loads imposed to the experimental section.
The major amount of specimens from the lower pipe cross-section
region had its grain size enlarged in comparison with the virgin
material. The specimens above the upper pipe cross-section region
didnothave its grain size altered signiﬁcantly. Themajority of spec-
imens with their grain size enlarged failed during fatigue tests. A
signiﬁcant amount of stresses imposed to the experimental section
by the thermal stratiﬁcation experiments were above its material
shearing stress.
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